The green algal communities in podzolic soils under coniferous forest in N.E. European Russia were studied in areas that were subjected to different technogenic pollution intensities. Sixty-five green algal species belonging to 4 classes, 12 orders, 20 families and 27 genera were recorded. The algal communities in the investigated soils of the different type spruce phytocoenoses included from 15 to 38 taxa on one site. Indicator species were identified for background spruce forests (Chlamydomonas gelatinosa, Tetracystis aggregata, T. dissociata, Pseudopleurococcus botryoides, Myrmecia bisecta) and for aerotechnogenically polluted spruce forests (Actinochloris sphaerica). The results may be used for the monitoring of the ecological state of biota in soils under boreal forests of protected areas and spruce forests exposed to intense aerial technogenic pollution.
Introduction
Spruce forests are an important component of taiga vegetation. They greatly affect the ecological state of the natural complexes by performing bio-ecological functions such as regulation and filtration of water run-off; erosion control, as well as preserving and increasing soil fertility, enrichment of the atmosphere with oxygen, fixation of carbon, mitigating climate conditions and prevention of aerial pollution. In the area of industrial cities, forest ecosystems are important barriers, reducing pollutant accumulation. However, they are exposed to pollution to the greatest extent. Monitoring of the state of all the components of biota and use of the most indicative living organisms are necessary for the assessment of structural and functional changes in forest communities. Microorganisms and soil algae are very sensitive to environmental changes, and they are widely used for the biodiagnostics of soils. The disturbance of the communities of these organisms is related to the degree of technogenic impact and begins with the changes in the biomass and composition of the dominant species. A further increase of the anthropogenic load leads to a poorer species composition and a decrease in the quantitative characteristics (Metting 1981; Aleksakhina & Shtina 1984; Hoffmann 1989; Johansen & Shubert 2001) .
Data on the state of algal groups, including green algae, in the soils under coniferous forest (the middle and southern taiga zones) under influence different types of pollution are scarce. This fact determined the choice of the subject for this work.
The aim of this study was to assess the species diversity and structure of soil green algae belonging to the divisions Chlorophyta and Streptophyta in spruce forests under different levels of aero-technogenic polluting stress.
Material and methods
Samples of soils and algae were collected during three field seasons (2003) (2004) (2005) ) from permanent test plots in different periods of vegetation from June to October. The plots were located in a spruce forest of the middle and southern taiga of north-east European Russia (Republic of Komi, Kirov region) under undisturbed reference phytocoenoses, in areas exposed to various technogenic emissions and recreation loads of different degrees ( Fig. 1; Tables 1, 2 ). The pollution sources included (a) the Kirovo-Chepetsk chemical complex (plot 1), (b) an area for the storage and destruction of chemical weapons known as "Maradykovskii" (pl. 3-4), (c) emissions from the towns of Kirov and Slobodskoi (pl. 6), (d) a paper-and-pulp factory complex (pl. 7), and (e) a motor way bypass (pl. 8-12) .
The sampling was carried out according to the methods described in Shtina & Gollerbakh (1976) . One hundred and four samples (pooled from 10 individual samples) from coniferous phytocoenoses of different types were analyzed. The soil-algological samples were collected from a depth of 0-15 cm (including the forest litter 0-5 cm, eluvial-humus and podzol horizons 5-15 cm), since at this depth the highest species diversity and abundance of soil algae were recorded. The species diversity of algae was studied using dish, liquid Middle taiga subzone: 1 -the "Bylina" reserve Podosinovskii and Oparinskii districts, Kirov oblast (pl. 13-17); 2 -outskirts of Syktyvkar Republic of . Southern taiga subzone: 3 -Yur'yanskii district (pl. 7); 4 -Orichevskii district (pl. 3-4); 5 -Kirovo-Chepetsk district (pl. 1-2); 6 -Slobodskoy district (pl. 5-6) .
and agar cultures with Bold's, Bristol's, and Drew's media. Algal cultures were maintained in a growth chamber (SHKS-0.6 B, Russia) during three weeks (day/night = 16/8 h, under temperature 20/16
• C). The species composition of soil algae was determined using a microscope with ×640 and ×1600 magnification. The main literature sources for species identification were Ettl & Gärtner (1995) , Lokhorst (1996) and Andreeva (1998) . The systematics and nomenclature of the taxa was in accordance with the list of soil algae of Kostikov et al. (2001b) .
The algal communities of the plots were compared using the Sörensen-Czekanovski index of similarity with the help of the clustering program GRAPHS (Novakovsky 2004) . The ordination of the study plots with heavy metal and algal species diversity was carried out with PC-ORD software (Mccune et al. 2002) .
The chemical analyses of soil samples (collected from a depth of 0-15 cm at the points of the alga sampling) was performed in the Ecoanalytical Laboratory of the Institute of Biology, Komi Scientific Centre Ural Division, Russian Academy of Sciences. The contents of C and N (%) were analyzed with C, H, N, S, O -element analyzer EA 1110 (Italy, CE Instruments); Ca 2+ and Mg 2+ (mmol/100 g), using the method of atomic absorption on AAS Hitachi 180-60 (Japan, Hitachi); P2O5 (mg/kg), using photometry (KFK-3, Russia); K2O (mg/kg) by the method of flame photometry on SP-90 A Unicam spectrometer (England, PYE UNI-CAM); microelements and heavy metals Pb, Cd, Ni, Zn, Cu, Cr, Mn, Co, and Hg (mg/kg) by the method of atomicemission spectrometry with inductively coupled plasma using a Spectro Ciros CCD spectrometer (Germany, Spectro Analytical Instruments GmbH).
Results and discussion
Spruce forest phytocoenoses are characterized by a low diversity and abundance of soil algae, because their soils are highly acidic, structureless, waterlogged and nutrient-poor. In spruce forests aero-technogenic pollution has a further adverse effect on the ecological conditions. However, green algae are the most tolerant group to such unfavourable soil conditions (Lukešová & Komárek 1987; Lukešová & Hoffmann 1996; Kostikov et al. 2001a; Hoffmann et al. 2007) .
The low diversity of green algae in the soils under the spruce forest was primarily related to low concentrations of biogenic elements and high acidity of the podzolic soils (Table 1 ). In the upper horizons of the soils, the pH H2O ranged from 4.05 to 5.14. The contents of carbon and nitrogen, as well as their ratio (C/N), greatly affected the species diversity of the algal communities in the soils. The C/N ratio was approximately 20. The concentration of all microelements studied in the soils of the forest located in the zone of aero-technogenic pollution was higher by several orders of magnitude than it was in unpolluted soils ( Table 2) .
The low species diversity of algae in spruce forest was also due to the high canopy density and strong moss cover. These conditions prevented algal development on the soil surface. Several methods were used that allowed to discover green algae species diversity more completely. Liquid and agar cultures methods were most successful to reveal the spectrum of alga species.
In the spruce forest soil, 112 alga species (121 varieties, including a nomenclature holotype) of 6 divisions were identified: Cyanophyta 6 (7), Euglenophyta 3 (4), Eustigmatophyta 2 (3), Xanthophyta 9 (11), Bacillariophyta 22 (27), Chlorophyta and Streptophyta 65 (69). Most of species belonged to the Chlorophyta. The 65 green algal species represented 4 classes, 12 orders, 20 families, 27 genera (Table 3) . Algae from the families Chlamydomonadaceae, Chlorococcaceae, Bracteacoccaceae, Klebsormidiaceae predominated (Fig. 2) . Table 2 . Concentrations of microelements and heavy metals in the soils of spruce forest (mg/kg). Note: The highest concentrations are shown in bold. The algal groups in the soils of different types spruce forests included from 15 to 38 taxa on one plot (Table 3). Wood sorrel-green moss, horse tail-bilberry, and bilberry-green moss spruce forests were remarkable for the highest species diversity. Unlike other divisions, the species diversity of green algae was not reduced under aero-technogenic pollution, which is indicative of their good adaptability and preference for low soil pH. However, the taxonomic structure and dominants of green algae had distinctions. In the unpolluted soils under the spruce forests 59 species of 16 families and 21 genera were identified. Most of the species were from the Chlamydomonadaceae, Chlorococcaceae and Klebsormidiaceae families. The species Chlamydomonas gelatinosa, C. gloeogama, C. reinhardtii, Chlorococcum infusionum, Chlorella vulgaris, Klebsormidium nitens, Tetracystis aggregata, Stichococcus bacillaris were the most frequent.
Fifty-five algal species belonging to 18 families and 22 genera were identified in the soil of the coniferous phytocoenoses located in the aero-technogenic polluted zones. Most of the species belonged to the Table 3 . List of green algae in spruce forests. Note: 1 -horse-tail-aise-weed spruce forest; 2, 4 -wood sorrel spruce forest; 3, 16 -wood sorrel-green moss spruce forest; 5 -cowberry-green moss spruce forest; 6 -bilberry-wood sorrel-green moss spruce forest; 7 -wood sorrel-bilberry spruce forest; 14 -horse-tail-bilberry spruce forest; 8-13, 15, 17 -bilberry-green moss spruce forest. Chlamydomonadaceae and Chlorococcaceae. The algal groups in the soils under the disturbed spruce forests consisted from 15 to 25 species on one plot (Table 3). In polluted soils the number of species from the families Actinochloridaceae, Myrmeciaceae and the genus Macrochloris decreased, whereas the number of Chlorosarcinaceae increased. Stichococcus minor, Pseudococcomyxa chodatii, and Pseudococcomyxa simplex were marked with a high abundance. Chlamydomonas gloeogama, Chlamydomonas elliptica, Myrmecia incisa, Klebsormidium nitens, Chlorella vulgaris, and Stichococcus bacillaris were marked almost on all aero-technogenic polluted plots, but they had a low abundance. Indicator species that were identified with the PC-ORD software (at a significance level of p > 0.05) for background spruce forests included Chlamydomonas gelatinosa, Tetracystis aggregata, T. dissociata, Pseudopleurococcus botryoides, Myrmecia bisecta and for spruce forests located on aero-technogenically polluted sites Actinochloris sphaerica.
A relatively high similarity of the taxonomic composition was noted for all the algal communities investigated (the Sörensen-Czekanovski index was >45%). Two clusters of algal communities with a similar species composition were identified ( Fig. 3) : one including the algal groups of the soils under the coniferous forest of the background area, and a second cluster comprising algal groups of the soils in the anthropogenically disturbed territories. Within these groups the phytocoenoses and the physico-chemical parameters of the soils were similar.
The highest negative correlation value, obtained by PC-ORD, was between the diversity of soil algae and the concentrations of the heavy metals Cd, Ni, as well as Ca, and the pH H2O in upper horizons of the soil (Fig. 4) .
In conclusion, the algal groups in the soils under the spruce forests were sensitive to aero-technogenic pollution, which was evident in the changes of their structure. The taxonomic diversity and structure of green algal groups, their dominant complexes had changed in the territories with contents of heavy metals. These areas were located in the zone adjacent to the site for storage and destruction of chemical weapons, near the paper and pulp complex and the motor way, and in the vicinity of the towns of Kirov and Slobodskoi. The information on the diversity and structure of the algal complexes in soils under coniferous forests may be used for diagnostics of the state of the soils in the protected areas and in the technogenically polluted territories.
